ABSTRACT
INTRODUCTION
Cardiac hypertrophy is an adaptive response of the heart muscle to a wide variety of intrinsic and extrinsic stimuli. Although hypertrophy of the heart muscle is initially beneficial during early growth, prolonged hypertrophy is potentially deleterious causing dilated cardiomyopathy and heart failure causing significant morbidity and mortality. Unraveling the molecular mechanisms involved in cardiac hypertrophy has thus become a major focus of research towards developing rational pharmacological approaches for preventing pathological changes associated with this disease.
Among various transducers of intracellular signaling pathways implicated in hypertrophic response, the role of calcineurin (Ca 2+ -calmodulin dependent protein phosphatase) in cardiac hypertrophy is rapidly gaining importance in view of the wellrecognized significance of reversible protein phosphorylation in hypertrophy (17, 26) and the specific ability of calcineurin inhibitors such as cyclosporine A (CsA) and tacrolimus (FK 506) to reverse cardiac hypertrophy (9) . However, the known immunosuppressive and nephrotoxic effects of such inhibitors limit their use as a prophylactic measure for cardiac hypertrophy. It has also been shown that some patients undergoing treatment with CsA may develop hypertension and hypertrophy (11) and that CsA prevents cardiac hypertrophy caused only by certain stimuli (14) . The vulnerability of Fe 3+ in the bimetallic active centre of calcineurin to reactive oxygen species (28) offers an opportunity to evolve alternate strategies for controlling cardiac hypertrophy by using antioxidants. We thus examined the effect of various dietary antioxidants on calcineurin activity and report here the potential benefits of eugenol to alleviate isoproterenol -induced cardiac hypertrophy.
MATERIALS AND METHODS

Animal studies
The studies were conducted with approval of the Ethics Committee of the BARC, Mumbai, India. Male Wistar rats (10 weeks old, weighing 350-400g, n=8 for each group) were categorized into various groups and intraperitoneally injected with either eugenol or isoproterenol for a period of ten days. Different animal groups included Group I-Controls: injected daily with dimethyl sulfoxide (DMSO, 0.003% in phosphate buffered saline, PBS); Group II-Isoproterenol treated: injected with (±) isoproterenol (IP) hemisulphate (Sigma; 1mg/kg body weight/day) dissolved in PBS; Group III-Eugenol treated: injected with eugenol (Sigma; 1 and 10 mg/kg body weight/ twice a day, every 12 hrs) dissolved in 0.003% DMSO; Group IV-Eugenol + IP treated: injected with isoproterenol at 1mg/ kg body weight/day in combination with eugenol at different concentrations of 1mg/kg body weight/ twice a day for a period of ten days. Eugenol was administered to the last group of animals three days prior to injecting isoproterenol. The animals were maintained on standard pelleted diet and water ad libitum. After the experimental period, the animals were sacrificed by cervical dislocation. The hearts were dissected, rinsed with PBS, frozen in liquid nitrogen and stored at -20 0 C till further experimentation. Single cell suspensions of ventricular tissue were obtained essentially as per the method of Miyashita et al (15) , involving digestion of the minced ventricular tissue in PBS containing collagenase (0.5 mg/ml) for 15 minutes followed by centrifugation (550 x g). To measure TUNEL positive cells and intracellular reactive oxygen species, cells were suspended in PBS to a final density of 0.4 x 10 6 cells/ ml. Ventricular homogenates were also prepared in liquid nitrogen employing a Tris buffer (5 mM, pH 7.5) containing 0.1 mM NaCl, 5mM dithiothreitol, 1mM EDTA, 1mM phenyl methyl sulfonyl fluoride, 5zg/mL pepstatin, 5zg/mL leupeptin and 5zg/mL aprotinin. The homogenate was clarified by centrifugation (15,000 x g for 30 minutes at 4 0 C) and the supernatant was used for further analysis.
Measurement of heart rate
Heart rate of the experimental animals was measured by electrocardiography (BPL India, Cardiart 108T/MK-VI). The legs of restrained rats were immersed in separate Petri dishes and recordings were obtained from electrodes placed near their legs. Measurements were recorded at 25mm per second at a sensitivity at 1mV=10mm. The numbers of QRS complexes that appear over a 60 second period were considered to calculate heart rate.
Determination of reactive oxygen species contents
Oxidation of a fluorogenic probe (2', 7' dichlorodihydrofluorescein diacetate) by reactive oxygen species was monitored essentially as described by Cao et al., (2) . Ventricular cell suspensions (2 x 10 4 ) were incubated with dichlorodihydrofluorescein diacetate (10zM) for ten minutes at 28 ± 1 0 C in the dark. Release of the fluorescent dichlorofluorescein was monitored by steady state fluorimetry (O ex = 490nm, O em = 520nm, LS 50 B fluorimeter, Perkin Elmer, USA).
TUNEL assay
DNA fragmentation in isolated ventricular cells, indicative of apoptotic cell death, was detected in situ employing the terminal deoxyribonucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) assay using a commercial kit (Roche Diagnostics, Mannheim, Germany) as described by Kang et al (8) . Briefly, air-dried cell samples were fixed on glass slides with freshly prepared p -formaldehyde solution (4% in PBS, pH 7.4) for 1hour at 15 -25 0 C. The slides were then rinsed in PBS and incubated in a permeabilisation solution (0.1% Triton X-100, 0.1% sodium citrate) for 2 minutes on ice. After rinsing the slides with PBS, they were treated with the reaction mixture containing fluorescein-labeled dUTP and terminal deoxyribonucleotidyl transferase as per the manufacturer's instructions and incubated in a humidified chamber for 60 min at 37 0 C in the dark. Samples were then analyzed under a fluorescence microscope (Optiphot 2, Nikon, Japan) to determine the number of apoptotic cells.
Estimation of glutathione, calmodulin and calcineurin contents
Glutathione concentrations were measured as per Hissin and Hilf (5) involving the reaction of oxidized (GSSG) as well as reduced glutathione (GSH) with o-phthalaldehyde to yield a fluorescent complex that can be measured (O ex = 350nm, O em = 420nm). Calmodulin (CaM) or calcineurin (CaN) contents were determined by competitive ELISA methods employing specific monoclonal antibodies as described earlier (19) . Suitable calibration curves were obtained by employing bovine brain CaM (1-25 ng) or CaN (1-500ng) as reference standards.
Enzyme assays
Calcineurin activity was assayed either in human sera (obtained with individual consent from healthy volunteers aged 25 ± 2.5 years) or in ventricular homogenates involving the assay of trifluoperazine-sensitive phosphatase activity using p-nitro phenyl phosphate as the substrate (19) . Units of calcineurin activity are in terms of Pmoles of p-nitro phenol released from the substrate per minute per deciliter (in case of serum samples) or per mg protein (for ventricular homogenates). Protein kinase C activity was assayed by measuring the incorporation of (J -32 P) ATP into H 1 histone in the presence and absence of phosphatidyl serine (a specific activator of protein kinase C) as per the method described by Terzian and Rubin (27) . One unit of the enzyme is defined in terms of pmoles of (J-32 P)-ATP incorporated into the substrate per minute per mg protein. Superoxide dismutase activity was assayed by measuring the ability of the enzyme to inhibit superoxide anion -dependent auto-oxidation of pyrogallol as described by Marklund and Marklund (12) . One unit of enzyme activity is the amount required to inhibit autooxidation of pyrogallol by 50%. Glutathione peroxidase (GPx) was assayed as per the method of Martinez et al (13) involving degradation of cumene hydroperoxide by the enzyme accompanied by oxidation of GSH to GSSG. The fluorescence of the complex formed between GSSG and ophthalaldehyde was measured in a fluorimeter (O ex = 350 nm, O em = 420 nm, LS 50 B fluorimeter, Perkin Elmer, USA). One unit of glutathione peroxidase represents Pg of oxidized glutathione formed per mg protein.
Statistics
Data points are presented as Mean ± SD and were analyzed by 1-way ANOVA between the indicated groups using the Bonferroni multiple comparison test when appropriate or by Student's t-test (25) , employing SPSS 10.0 software package (SPSS South Asia).
RESULTS
Isoproterenol activates and eugenol inhibits serum calcineurin activity in vitro
Results depicted in Table 1 indicate that trifluoperazinesensitive calcineurin activity, but not the trifluoperazineinsensitive phosphatase activity of serum, is much more sensitive to isoproterenol. In vitro presence of isoproterenol (0.1 mM) in serum samples caused a 2.4 fold increase in calcineurin activity. Even though it is not clear as to why isoproterenol increases calcineurin activity, its ability to do so under in vitro conditions is reminiscent of similar observations made in vivo earlier with cultured cardiomyocytes (29) . Individual presence of eugenol or curcumin or thymol (0.1 mM) in serum samples decreased calcineurin activity to variable extents of 71%, 68% and 48% respectively, indicating eugenol to be the most effective anti-calcineurin agent. When included in the reaction mix along with isoproterenol (0.1 mM each), eugenol resulted in 85.6%, inhibition of serum calcineurin activity as compared to 74.1 and 72.2% inhibition caused by thymol and curcumin respectively.
Eugenol decreases isoproterenol -induced oxidative stress and apoptosis in rats
We next examined the influence of eugenol on isoproterenol -induced oxidative stress and apoptosis in rats. Intraperitoneal administration of isoproterenol (1 mg/kg body weight/day) over a period of 10 days caused marked cardiac hypertrophy in rats (Fig. 1) . The increased heart size caused by isoproterenol was accompanied with a 64% increase in the ratio of heart weight/total body wt and 20% increase in heart rate (Data not shown). Isoproterenol administration also induced significant (> 10 fold) increase in the number of TUNEL positive cells, indicative of apoptosis. It also caused a 2.6 -fold increase in reactive oxygen species content in ventricular cells and a 50% decrease in total glutathione content without altering the ratio between oxidized and reduced glutathione contents. Such changes were accompanied with a 2-fold increase in activity of superoxide dismutase and a moderate (36%) increase in glutathione peroxidase activity ( Table 2 ).
The ability of eugenol, examined over a concentration range of 1-100 mg/kg body wt, to ameliorate isoproterenol-induced changes was subsequently evaluated. Administering eugenol alone did not cause any change in the observed parameters mentioned above. Since eugenol was effective in this regard even at a low concentration of 1 mg/kg body wt, all further restored isoproterenol-induced changes even at the lowest concentration examined (1 mg/kg body wt). From the data presented in Table 2 , it may be noted that indices such as the heart wt/ body wt, cellular ROS and total glutathione contents were restored to control values when eugenol was administered to rats in combination with isoproterenol. In this regard it is significant that isoproterenol induces inflammation at a very early stage after administration. Since eugenol has been reported to have anti-inflammatory effects (23), the ability of eugenol to inhibit fibrosis is also to be considered while observing its effect on decreasing the heart wt/body wt.
Eugenol restores enhanced cardiac calcineurin and protein kinase C activity caused by isoproterenol
Administration of isoproterenol caused 221% increase in calcineurin activity and 187% increase in protein kinase C activity in ventricular tissue. These activities were not altered upon administration of eugenol alone. On the contrary, combined administration of isoproterenol along with eugenol normalized cardiac activities of calcineurin and protein kinase C. In order to ascertain whether the observed increase in calcineurin activity was also associated with concomitant increase in its content, its cardiac contents were quantitated. While isoproterenol caused a 44% increase in calcineurin content, it was relatively unaffected by eugenol alone. On the contrary, the combined administration of eugenol and isoproterenol (at dosages mentioned above) restored calcineurin content of ventricular tissues to control values. However, there was no concomitant increase in the content of calmodulin, an activator of calcineurin, under such conditions Influence of isoproterenol and eugenol on heart size. Wistar rats were subjected to different treatments for a period of 10 days as described in Materials and Methods. The photograph depicts representative heart size of various groups of animals viz., 1.Controls 2. Treated with isoproterenol (1 mg/kg body wt/day) 3: Treated with eugenol alone (1 mg/kg body wt, twice a day) 4. Treated with eugenol (1 mg/kg body wt, twice a day) 3 days prior to simultaneous treatment with isoproterenol (1 mg/kg body wt/day) and eugenol (1 mg/kg body wt, twice a day) 5. Treated with eugenol (100 mg/kg body wt) 3 days prior to simultaneous treatment with isoproterenol (1 mg/kg body wt/day) and eugenol (100 mg/kg body wt, twice a day) Ventricular tissue obtained from Wistar rats (n= 8) were processed and analyzed for various parameters as given in Materials and Methods. Indicated administrations are IP= Isoproterenol treatment for 10 days (1 mg/kg body wt/day); Eugenol = (1 mg/kg body wt/ 2 x day); IP + Eugenol = combined administration with isoproterenol (1 mg/kg body wt/day) and eugenol (1 mg/kg body wt/ 2 x day). Mean± SD values of at least three separate assays using 1-way ANOVA are represented. RFI= Relative Fluorescence intensity. p ** < 0.001 and * <0.05 are given in comparison to control values.
experiments were conducted with eugenol at this concentration. Simultaneous administration of eugenol at this concentration along with isoproterenol not only reversed cardiac hypertrophy, but also completely abolished isoproterenol -induced oxidative stress and decreased TUNEL positive cells by about 50%. When eugenol was administered twice a day (1 and 10 mg/kg body weight) it did not affect the gross anatomy of the heart or parameters indicative of oxidative stress (Fig 1 and Table 2 ). On the contrary, administering eugenol twice a day along with isoproterenol ! " # (Table 3) .
DISCUSSION
Recent years have witnessed accumulating evidence for the involvement of oxidative stress in cardiac diseases including cardiac hypertrophy (22) . Isoproterenol leads to oxidative stress which contributes significantly to the pathophysiology of the disease (3). Of the various events involved in signal transduction, much importance is now being ascribed to calcineurin activity in view of the demonstrated ability of calcineurin inhibitors to ameliorate cardiac hypertrophy (9, 16) . However, the immunosuppressive effects of these agents limit their use as a prophylactic measure for cardiac hypertrophy. Thus, we undertook the present investigation to identify natural antioxidants devoid of immunosuppressive functions, but capable of inhibiting calcineurin activity. Initial experiments conducted in vitro with serum calcineurin revealed that antioxidants can reverse enhanced enzyme activity brought about by isoproterenol. Such an observation is in accord with earlier reports, which ascribed the ability of isoproterenol to induce cardiac hypertrophy by promoting calcineurin activity under in vivo conditions (29) . Importantly, among the various antioxidants examined, we could identify eugenol as the more potent natural antioxidant capable of countering the effect of isoproterenol (Table 1 ).
In continuation of these observations made with serum samples, the in vivo effects of eugenol in preventing isoproterenol induced cardiac hypertrophy were examined. Results presented in Table 2 denote that isoproterenol administration resulted not only in increased heart size, heart rate and TUNEL positive cells indicative of apoptosis, but also increased oxidative stress in ventricular tissue as evidenced by (i) increased ROS contents (ii) increased activities of antioxidant enzymes such as superoxide dismutase and glutathione peroxidase and (iii) decreased total glutathione content in ventricular tissue. The observed increase in free radical scavenging enzymes (superoxide dismutase and glutathione peroxidase) indicate that oxidative stress caused by isoproterenol may up-regulate the activity of antioxidant enzymes to facilitate rapid removal of the accumulated reactive oxygen species. In addition, the ability of isoproterenol to enhance the number of apoptotic cells in ventricular tissue is in agreement with similar results obtained upon E-adrenergic stimulation (24) . The observed increase in cardiac protein kinase C activity under isoproterenol-induced cardiac hypertrophy is in agreement with earlier studies indicating that all hypertrophic stimuli activate one or more phospholipases with liberation of diacylglycerol and subsequent activation of protein kinase C (1). The observed increase of cardiac calcineurin activity is also in conformity with earlier reports indicating that isoproterenol activates extra cellular signal regulated protein kinases through calcineurin (29) .
Different possibilities are to be considered in understanding the cardio-protective effects of eugenol (4-allyl-2-methoxy phenol), a naturally occurring antioxidant present as the active principle of cloves (Syzygium aromaticum) and other medicinal and aromatic plants such as Ocimum sanctum and Pimenta racemosa. In view of its nonmutagenic and noncarcinogenic properties, eugenol is generally regarded as safe by the FAO with an acceptable daily intake up to 2.5 mg/kg body wt in humans (4) . Pharmacokinetic and metabolic studies also Calcineurin and Protein kinase C activities in rat ventricular extracts were assayed as described in Materials and Methods. Indicated administrations are IP = Isoproterenol treatment for 10 days (1 mg/kg body wt/day); Eugenol = (1 mg/kg body wt/ 2 x day); IP + Eugenol = combined administration with isoproterenol (1 mg/kg body wt/day) and eugenol (1 mg/kg body wt/ 2 x day). Mean ± SD values of at least three separate assays using 1-way ANOVA are represented. p ** < 0.001 is given in comparison to control values.
reveal that eugenol exerts its biological effects through its antioxidant properties including the inhibition of lipid peroxidation (7, 20) . At a physiological level, eugenol might function as an antagonist of E-adrenergic stimulation caused by isoproterenol. Although derivatives of eugenol, such as isoeugenolol and eugenodilol, have been reported to function as antagonists/blockers of E 1 adrenergic receptors (6, 10) , no such effects have been ascribed to eugenol. The demonstrated ability of calcineurin inhibitors to decrease calcineurin gene expression (18) and the reported effect of antioxidants on calcineurin-mediated activation of transcriptional factors (21) point to other possible modes through which antioxidants may prevent cardiac hypertrophy. While the present study strongly favors the use of antioxidants such as eugenol in preventing and treating cardiac hypertrophy, further investigations are required to identify more potent natural inhibitors of calcineurin for their possible use towards preventing cardiac hypertrophy.
